Iron-rich Fe 50 Nd 50Àx Al x (x ¼ 5, 10, 15, 20 at%) alloys were produced by copper mold casting and melt-spinning in order to examine the formation of amorphous alloys. The bulk amorphous cylinders with diameters up to 1.5 mm have been obtained for the Fe 50 Nd 35 Al 15 alloy. The crystallization temperature (T x ) and melting temperature (T m ) of the alloy are 774 and 880 K, respectively. Accordingly, the temperature interval of T m and T x , ÁT m (¼T m -T x ), is calculated to be 106 K, and the reduced crystallization temperature (T x =T m ) is 0.88. The small ÁT m and high T x =T m values are presumed to be the origin for the achievement of the high amorphous-forming ability of the Fe-Nd-Al alloy. The bulk amorphous cylinder exhibits semi-hard magnetic properties at room temperature, i.e., 0.117 T for remanence and 50 kA/m for intrinsic coercive field for Fe 50 Nd 35 Al 15 alloy with a diameter of 1.5 mm. Moreover, soft to hard magnetic transition between the ribbon and bulk specimens was observed in the Fe-rich Fe-Nd-Al alloys. The semi-hard magnetic properties for the Fe-rich Fe-Nd-Al amorphous alloys with high amorphousforming ability are promising for future progress as a new type of Fe-based magnetic material.
Introduction
Since the first success in fabricating a bulk metallic glass in La-Al-Cu systems in 1989, 1) a number of bulk metallic glasses with sizes greater than a couple of millimeters have been sequentially developed in Ln-Al-TM, 1, 2) Mg-Ln-TM, 3, 4) Zr-Al-TM, 5, 6) Ti-Zr-Al-TM-Be, 7) Zr-Ti-TM-Be 8) and Pd-Ni-Cu-P 9) (Ln = lanthanide metal, TM = transition metal) systems. These bulk metallic glasses have attracted scientific and engineering interests in the field of material science because of their high possibility to be formed as application products with novel functions. For instance, rather good mechanical properties and high thermal properties were reported for the bulk metallic glasses in nonferrous alloy systems mentioned aboved. [1] [2] [3] [4] [5] [6] [7] [8] [9] In addition, bulk metallic glasses were also found in a number of ferrous systems such as Fe-(Al,Ga)-(P, C, B, Si, Ge) system with soft ferromagnetism. [10] [11] [12] [13] Beside the ferrous and nonferrous bulk metallic glasses listed above, it was reported that Nd-Fe-Al amorphous alloys were formed in a bulk shape with the maximum sample of 12 mm, 14) and that the Nd-Fe-Al bulk amorphous alloys exhibited hard magnetism. 15) Here, these Nd-Fe-Al alloys are called as amorphous alloys because they did not exhibit glass transition in thermal analyses. The Nd-Fe-Al bulk amorphous alloys have been widely investigated [16] [17] [18] [19] because of their excellent amorphous-forming ability and unique hard-magnetic properties. For instance, the effects of B on the formation and the hard-magnetic properties were studied by Kong et al., 20) Takeuchi and Inoue 21) and Chau et al. 22) The thermal stability and magnetic properties of Nd-Fe-Co-Al amorphous alloys were studied by Fan et al. 23) Kumar et al. 24) and Wei et al. 25) In addition, the effect of Y was studied by Qiu et al. 26) and Sun et al., 27) and that of Si by Chiriac and Lupu, 28) and those of Ti and V by Chau et al. 29) In spite of great endeavors for improving the properties of the Nd-Fe-Al alloys, the magnetization of these Nd-rich amorphous alloys is as small as 0.1-0.3 T because of the low Fe content ranging 60-70 at%. Accordingly, it is of great importance to develop bulk amorphous Nd-Fe-Al alloys with higher Fe contents for respect to improving the magnetization of the alloys with keeping the high amorphous-forming ability. The purpose of the present study is to examine the formation of bulk amorphous alloys in Fe-rich Fe-Nd-Al system with the Fe content more than 50 at% by the conventional copper mold casting method, and to investigate the thermal stability and magnetic properties of these bulk amorphous alloys.
Experimental
Ternary alloys with compositions of Fe 50 Nd 50Àx Al x (x ¼ 5, 10, 15, 20 at%) were prepared by induction-melting a mixture of pure Nd, Fe and Al metals in an argon atmosphere. These alloy compositions was selected according to previous reports on the composition range in which an amorphous phase is formed in the Nd-Fe-Al ternary system by melt spinning. 15) From these pre-alloyed ingots cylindrical samples with a length of about 50 mm and with diameters ranging 1 to 2 mm were prepared by injection casting of the molten alloy into copper molds with cylindrical cavities. The injection pressure was fixed to be 0.05 MPa. For comparison, amorphous ribbons with a thickness of about 30-40 mm and a width of 1 mm were also produced by a single-roller melt spinning method in an argon atmosphere. The structure of the as-cast cylindrical samples was examined by X-ray diffractometry and optical microscopy techniques. The thermal stability associated with crystallization and melting was measured at a heating rate of 0.67 K/s by differential scanning calorimetry (DSC). Magnetic properties were measured with a vibrating sample magnetometer (VSM) under an applied field of 1432 kA/m at room temperature. Figure 1 shows the X-ray diffraction patterns taken from a transverse cross section of the Fe 50 Nd 50Àx Al x alloys with a * Graduate Student, Tohoku University From the Fig. 1 , it is noticed that there are different in the best amorphous forming ability compositions of Al between the Fe-Nd-Al and Nd-Fe-Al bulk amorphous alloys. The former is 15% and the latter is 10%. The reason for Fe-NdAl alloys exhibiting the best amorphous forming ability at Al ¼ 15 at% is ascribed with T x =T m for the melt-spun Fe 50 Nd 50Àx Al x (x ¼ 10, 15, 20) amorphous alloys. Figure 2 show the DSC curve of the melt-spun Fe 50 Nd 50Àx Al x (x ¼ 10, 15, 20) amorphous alloys. From DSC measurements, it is analyzed that the T m is the lowest at X ¼ 15 at% while the T x 's are almost unchanged. Accordingly, the value of T x =T m is maximum when the content of Al is equal to 15 at%. This analysis is supports the experimental results shown in Fig. 1 , because the T x =T m can be an index for evaluating the amorphous forming ability. À1 , indicating that an amorphous phase is formed in these bulk samples. On the contrary, sharp peaks corresponding to the reflection of Nd 2 Fe 17 phase can be seen for the sample with a diameter of 2 mm. Thus, the maximum diameter of the Fe 50 Nd 35 Al 15 amorphous alloy is 1.5 mm. In order to confirm the absence of the crystalline phase over the whole sample, an optical micrograph taken from the central region in the cast Fe 50 Nd 35 Al 15 alloy with a diameter of 1.5 mm is shown in Fig. 4 . Featureless contrast which is typical for an amorphous phase is seen over the whole micrograph, indicating that the bulk alloy is mainly composed of an amorphous phase. Furthermore one can notice the absence of cavity and hole which are ordinarily observed for cast samples. Thermal Stability and Magnetic Properties of Fe-Nd-Al Amorphous Alloys Figure 5 shows the DSC curve of the Fe 50 Nd 35 Al 15 bulk amorphous alloy. The fragments of for the measurement were taken from the same central region of the specimen shown in Fig. 4 . The DSC curve of this alloy shows a distinct exothermic reaction due to crystallization marked with T x , followed by an endothermic reaction due to melting marked with T m which are measured to be 774 and 880 K, respectively. Furthermore, as exemplified for the alloys in Fig. 5 , the temperature interval of supercooled liquid defined by the difference between T x and T m , ÁT m (¼T m -T x ), is as small as 106 K and the reduced crystallization temperature (T x =T m ) is as high as 0.88. Since no glass transition phenomenon is observed in the temperature range below crystallization temperature, the glass transition temperature (T g ) is estimated to be higher than T x . Consequently, the T x =T m seems to correspond to the lowest reduced glass transition temperature (T g =T m ) for this alloy. The high amorphous-forming ability for the present Fe 50 Nd 35 Al 15 alloy is, thus, concluded to result from the small ÁT m and high T x =T m values. The extremely high T x =T m value and the small ÁT m imply a steep increase in viscosity with the decreasing temperature in the supercooled liquid of the FeNd-Al supercooled liquid. Thus, Fe-Nd-Al supercooled liquid is considered to have a high degree of dense random packing density in the supercooled liquid by satisfying the factors: (1) multicomponent elements, (2) significant difference in atomic size ratios, and (3) large and negative heats of mixing. These factors are frequently utilized for the development of bulk metallic glasses with high glass-forming ability. rod with a diameter of 1.5 mm has been interpreted to result from the random magnetic anisotropy 30, 31) caused by the development of short-range Nd-Fe and Nd-Fe-Al atomic pairs. On the contrary, the hysteresis curve of the ribbon specimen shows soft magnetic properties, as can be seen in Fig. 6 . Thus, the Fe 50 Nd 35 Al 15 alloy has a sample size dependence of the magnetic properties. In other words, the soft to hard magnetic transition between ribbons and bulk specimens is observed in the Fe 50 Nd 35 Al 15 alloy. This phenomenon has also been reported in the bulk amorphous Nd-rich Nd-Fe-Al alloys. 32) the Therefore, it can be concluded that the soft to hard magnetic transition takes place not only in the Nd-rich Nd-Fe-Al bulk amorphous alloys but also in the Fe-rich Fe-Nd-Al bulk amorphous alloys. But the reason of it is not very clear yet and need further investigated, however, comparing to the previous research results about Nd-Fe-Al bulk amorphous alloy, the reason for exhibiting soft-hard transition presumably due to the different microstructure caused by different cooling rates.
Results and Discussion

Summary
With the aim of preparing an Fe-rich Fe-Nd-Al bulk amorphous alloy with hard magnetic properties at room temperature, the structure, thermal stability and magnetic properties were investigated for cast 
